We determined the crystal structure of the high-temperature cubic phase of the langbeinite-type (NH 4 ) 2 Cd 2 (SO 4 ) 3 . The observed Cd-O atomic distances are considerably shorter than the standard Cd-O. The structure refinement revealed that the SO 4 ion has several disordered arrangements indicating the existence of the steric hindrance between Cd and SO 4 . These results are quite similar to the previously reported characteristics of several K 2 B 2 (SO 4 ) 3 -type langbeinites. We conclude that the steric hindrance between Cd and SO 4 dominates the phase transition, while the NH 4 ion plays no direct role on the phase transition. It is of interest whether the phase transition of not the K-salts (A ≠ K) can also be explained by this scheme. In this study, we notice the ferroelectric (NH 4 ) 2 Cd 2 (SO 4 ) 3 (abbreviated to ACS) because the NH 4 ion has an anisotropic electron distribution in contrast to the K ion.
INTRODUCTION
Langbeinite-type crystals have the general chemical formula A 2 BB 2 (SO 4 ) 3 (A = K, NH 4 , Rb, Tl, Cs; B = Mg, Ni, Zn, Co, Fe, Mn, Ca, Cd). [1] The space group is P2 1 3 in the high-temperature cubic phase. The phase transition is of strong first-order and often displays ferroelectric or ferroelastic activity. The langbeinites exhibit the strange phase transitions such as extremely small critical anomalies of any susceptibilities and a scatter of the reported phase transition temperatures T t . Therefore, it is difficult to determine the entity of the order parameter, though the phase transition is explained formally by the group theoretical analysis. [2] concentration analysis has established the existence of the steric hindrance around two kinds of the B-sites, in particular around the B(1)-site, because small c means that the larger Cd ion is difficult to occupy the site where the strong steric hindrance exists. It was clarified for the K-salt langbeinites that 'the strength of the steric hindrance' S of the B(1)-site can be expressed by S ∼ aT t + b, where a and b are positive constants. Therefore, we have concluded that the phase transition of the K-salt langbeinites is commonly dominated by the steric hindrance between the B ions, especially B (1) , and the surrounding SO 4 ions.
It is of interest whether the phase transition of not the K-salts (A ≠ K) can also be explained by this scheme. In this study, we notice the ferroelectric (NH 4 ) 2 Cd 2 (SO 4 ) 3 (abbreviated to ACS) because the NH 4 ion has an anisotropic electron distribution in contrast to the K ion.
ACS undergoes a first-order phase transition from the high-temperature cubic phase (P2 1 3) to the low-temperature monoclinic phase (P2 1 ). The ferroelectricity of ACS was found by Jona and Pepinsky. [13] Raman, infrared and far-infrared studies have found no mode softening and suggested the disordering of the SO 4 ion in the high-temperature phase. [14] Proton NMR and EPR studies have reported that the NH 4 ion as well as the SO 4 ion has dynamical disordered arrangements. [15] [16] [17] [18] Anomaly of the dielectric constant is unobserved even just above T t . [19] The reported T t is scattered from 89 to 95 K. [13, 15, 16, 19, 20] Some additional anomalies of the heat capacity are observed near T t to suggest that the crystal is inhomogeneous. [20] The micro-Raman study shows that T t distributes in a sample from 88 to 90 K to indicate the existence of the nuclei with the micron scale. [9] These results suggest that the phase transition scheme of ACS resembles that of the K-salts. Unfortunately, the crystal structure of pure ACS has not been determined yet, although that of (NH 4 ) 2 Cd 0.84 Mn 1.16 (SO 4 ) 3 mixed crystal is known. [21] The purpose of this study is to determine the high-temperature structure of ACS with special attention to the Cd-O distances and the behavior of the SO 4 ions which are the key of the above mentioned steric hindrance scheme. We discuss the phase transition mechanism of ACS by comparing with the well established one of the K-salt langbeinites.
EXPERIMENTAL
Single crystals of ACS were grown from an aqueous solution of (NH 4 ) 2 SO 4 and CdSO 4 ·nH 2 O (n ~ 8/3) by the evaporation method. A fragment cut out from a parent crystal was polished with sandpaper to a sphere whose diameter is 2r = 0.51(1) mm. We dipped the sample crystal into liquid nitrogen several times to reduce an extinction effect. X-ray diffraction intensities were measured at T = 301 K using an automatic four-circle diffractometer Rigaku AFC-5R with graphite-monochromated MoKα radiation up to 2θ = 127º with the scanning rate 2º/min. in the θ -2θ scanning mode. The space group of the high-temperature cubic phase was confirmed to be P2 1 3 from the systematic absences of the diffraction intensities. The cubic lattice parameter is a = 10.350(4) Å.
For the crystal structure analysis, we used 3294 diffraction intensities satisfying the condition
, where σ (|F o |) is the estimated standard deviation of the absolute value of the structure factor F o . An absorption correction of X-rays (μ r = 1.13) and a correction of the anomalous scattering effect were made for Cd, S, O and N atoms. We refined the structure using the full-matrix least squares program RADIEL taking an isotropic secondary extinction effect into account.
[22] The function minimized in the least squares calculation is
. We adopted the same crystal axes as selected in the K-salts [3] [4] [5] [6] [7] 11, 12] instead of those used in the previous mixed crystal study. [21] The structural parameters of K 2 Mn 2 (SO 4 ) 3 [3] were used as starting parameters of the least squares calculation. Since the symmetry constraint was not appropriate in the mixed crystal study [21] , we considered correctly the constraint of the site symmetry 3 for the Cd and N positions. We tried to determine the positions of the H atoms from a difference Fourier map but found no significant peaks as mentioned in the next section.
RESULTS
The atomic parameters of the non-hydrogen atoms were determined on the basis of the average structure model. The discrepancy factor is R w = 0.0246. The positional and thermal parameters of the average structure are listed in Table 1 . This average structure is quite similar to the K-salts. As for the H atoms, the difference Fourier map around the N atoms shows only the residual electron density less than 0.1 e/Å 3 which is nearly equal to the background value. This result strongly suggests that the NH 4 ions take a disordered arrangement as has been reported by the NMR and EPR studies. [15] [16] [17] [18] The standard deviations of the atomic parameters are less than one third of those of the previous mixed crystal study [21] , so that the present structure is determined accurately to discuss the Cd (1) Table 1 . Thermal vibrations are depicted by the 50% probability ellipsoid.
almost lower limit of the standard bond length. This is due to large thermal vibrations of the O atoms.
TABLE 2. Nearest-neighbor metal-oxygen distances (Å), and bond lengths (Å) and angles (º) of the SO 4 tetrahedron calculated from the average structure. (2) N (1) O (1) 3.218 (6) O
Clarifying the disordered characteristics of the SO 4 ion, we analyzed the multi-site disorder model of SO 4 by using the split-atom method based on the n-site O atom model (n ≤ 10) in the same way as the previous studies.[ [4] [5] [6] 12] We assumed the thermal vibrations of the O atoms are anisotropic for 1 ≤ n ≤ 4 and isotropic for 5 ≤ n ≤ 10. The occupation probability of each disordered site is assumed to be 1/n. Table 3 shows R w of these disorder models. On the basis of the Hamilton's significance test [24] , the 4-site anisotropic disorder model is most probable. We depict the 4-site disordered SO 4 ion along with the 50% probability thermal ellipsoid of the average structure in Figure 2 . The disordered O atom positions (filled circle) are distributed within the ellipsoid of the average positions. Here, as we have emphasized in the preceding studies [4] [5] [6] 12] , it should be said that the split 4-site positions would not correspond directly to the true equilibrium sites but give the probability density function of the O atoms as a whole. This is because that the multi-site disorder includes not only the dynamical character clarified by the Raman and other studies but also the static one due to the structural inhomogeneity. We conclude that the disordering of the SO 4 ion induced by the steric hindrance between the Cd and SO 4 ions exists in ACS, as has been clarified in the Ksalts. TABLE 3. Discrepancy factor R w of the average structure model (n = 1) and the multi-site disorder models (n = 2 ~ 10). The n = 4 model is most probable. 
The steric hindrance exists when S > 0 and the strength develops with increasing S. Noticing ~ S(2) is characteristic of ACS because S(1) > S(2) always holds for the K-salts. It seems that this minor structural difference will be related to the deviation of S of ACS from the straight line determined from the K-salts.
Finally we comment on the small anomaly of any kind of susceptibility χ of ACS. First, the phase transition of ACS is inherently of strong first-order. In addition to this, it seems that the nucleation and growth mechanism suppresses the increase of χ. According to the Ornstein Zernike equation [26] , the correlation length ξ c is expressed by 
If a system is homogeneous, χ diverges at T = T t , because ξ c diverges at T = T t . On the other hand, in the inhomogeneous nucleation and growth system, χ remains finite even at T ~ T t , because ξ c is less than the nucleus size L, which is estimated to be of the order of micron even at T ~ T t from the observation of Bragg diffraction and the site dependence of T t by the microRaman studies. [8] [9] [10] 
